The acoustic lance is an instrument developed to obtain in situ compressional wave velocity and attenuation ͑Q Ϫ1 ͒ profiles for a sedimentary layer of several meters thickness at the sedimentseawater interface. The self-contained instrument consists of ten independent recording channels with a linear array of receivers embedded in the seafloor below a broadband acoustic source. It provides in situ recording of full waveforms to determine interval velocity and attenuation. The system can be attached to a gravity corer or to a specially designed probe. A comprehensive experiment was carried out in Mid-Atlantic Ridge sediment ponds where the lance made in situ measurements, and core samples were recovered. Core data agree well with in situ data in one location, but disagree in other locations. Lance data indicate that the sediment ponds have similar in situ velocity distributions, with an acoustic channel much thinner than that predicted by earlier investigators.
INTRODUCTION
The acoustic behavior of the seafloor interface is of considerable interest in underwater acoustics and geophysics. The upper several meters of sedimented seafloor contain the largest gradients in physical and acoustic properties in the sediment-water system. A large number of physical parameters are involved in the acoustic behavior of marine sediments ͑Hamilton, 1971; Stoll, 1985; Ogushwitz, 1985a, b, c͒. Acoustic wave velocity and acoustic wave attenuation are the two most important geoacoustic parameters that directly govern the effects of acoustic and seismic processes at the seafloor. In all shallow-water environments, and in many deep-water cases as well, the seabed is the dominant factor controlling wave propagation. A lossy seabed where acoustic waves are attenuated within the sediments causes attenuation of the waterborne sound through both compressional ( P) wave absorption in the bottom and the excitation of shear (S) waves ͑Fryer, 1978; Kibblewhite, 1989͒. The acoustic lance is an instrument that has been developed to obtain in situ compressional wave velocity and attenuation ͑Q
Ϫ1
͒ profiles for a sedimentary layer of several meters thickness at the sediment-seawater interface. The lance consists of a linear array of receivers embedded in the seafloor below an acoustic source. The broadband source and a solid state recording system are mounted on the weightstand of a corer or on an independent probe. An array of small hydrophones is mounted along the outside of the probe or core barrel. The lance combines the mechanical geometry of marine heat flow measurements with data similar to an acoustic well logging tool. It provides in situ recording of full waveforms.
Compressional velocity and attenuation of marine sediments can be estimated using the empirical relationships of Hamilton ͑1971, 1976͒, or they can be calculated from physical models such as the Biot-Stoll model ͑Biot, 1956a, b; Stoll, 1985; Ogushwitz, 1985b͒ . Accurate laboratory measurements of compressional wave attenuation have generally been restricted to frequencies of 10-50 kHz and above, because sample dimensions must be much larger than the wavelength of the propagating signal. In the past, in order to measure velocity and attenuation in the laboratory under in situ conditions, extensive measurement programs were conducted and advanced laboratory instruments were designed.
In situ measurements are desirable because coring can change the physical properties of sediments, especially those of soft sediments. Few reports have provided profiles of in situ velocity and attenuation in the uppermost seafloor. Shirley et al. ͑1973͒ and Shirley and Anderson ͑1975͒ developed a compressional wave profilometer ͑pulse frequency 200 kHz͒ for continuously measuring sound speed and attenuation in sediments during a coring operation. They obtained several 12-m-long in situ profiles of sound speed and attenuation in deep-water environments. Their results indicated that, at their test sites, P-wave velocity does not usually increase with depth until depth exceeds 12 m. An in situ sediment acoustic measurement system ͑ISSAMS͒ of near surface geoacoustic properties ͑60-kHz P-wave velocity and attenuation, low-frequency S-wave velocity͒ in shallowwater environments has been developed by Barbagelata et al. ͑1991͒ . Their data collected from the Adriatic Sea showed that in situ and laboratory values of P-wave velocity were not significantly different between muddy sites, but at sandy sites laboratory measured values of P-wave velocity were 20-30 m/s higher than in situ values in the uppermost 30 cm of seafloor. Badley et al. ͑1988͒ conducted laboratory and in situ measurements of selected geoacoustic properties ͑shear modulus, frame loss coefficient, porosity, and permeability͒ in Great Bahama Bank shallow-water carbonate environments. Data showed that laboratory and in situ measurements of shear modulus and porosity were in good agreement, but permeability measurements in the laboratory were always somewhat lower than in situ values.
These results indicate that surficial sediment geoacoustic properties are complicated, and laboratory measurements of geoacoustic properties do not always agree with in situ measurements. Richardson et al. ͑1991͒ listed 11 factors that might contribute to differences between laboratory and in situ values of geoacoustic properties. In practice, however, it remains difficult to figure out exactly which factors dominate in different environments.
I. CONFIGURATION AND WORKING PRINCIPLE OF LANCE
The acoustic lance can be broken down into two parts. One is mechanical and the other is electronic and acoustic ͑Fig. 1͒. The mechanical part may be a gravity corer, a piston corer, or a specially designed probe. The electronic system includes a receiving circuit, a firing circuit, and a power supply contained in two pressure vessels. The source transducer and two pressure vessels are installed at the top of the corer. Ten receivers correspond to ten independent receiving channels that are arrayed on the corer pipe. Each receiver position is adjustable to match the pipe structure. A mechanical trigger switches the lance from a sleeping state to a working state when the corer touches the seafloor. After a short delay time ͑15 s or 2 min͒, the source emits a ping. All received signals are stored in individual channel memories. Data are transferred to a computer after the lance returns to the ship. Four 12-V rechargeable batteries serve as the power supply for the lance. When the lance is in a sleeping state, most working current is cut off by a power control circuit to save power. One set of batteries will work continually for about 12 h. The greatest working depth of the lance is 6000 m.
A. Electronics
The lance receiving system consists of a control circuit with ten independent receiving channels. Each channel has an independent analog, digital, and storage circuit ͑Fig. 2͒. The control circuit accepts preset parameters including number of pings, number of samples, and gain ͑0-38 dB͒ for each channel. Signals from each channel are amplified, passed through an antialias 40-kHz low-pass filter, digitized in a 12-bit 100-kHz A/D converter and stored in 64 kbytes of available memory. An SCR ͑silicon control rectifier͒ pulse generator provides an 800-V pulse to the source transducer. Possible sample lengths are 512, 1024, 2048, 4096, and 8192, corresponding to wavelets of between 5 and 80 ms in length. An adder stacks signals in order to increase signal-tonoise ratio. Ping number parameters ͑i.e., 1,2,4,8,16͒ represent the number of signals stacked in the adder prior to storage. For stacking, the source sends out pings at 1-s intervals. Signals from each ping are superimposed in the adder and averaged after all pings are received.
B. Data storage and retrieval
Each receiver has a 64 kϫ16 bit memory ͑SRAM͒ chip. Digitized data use 12 of the 16 bits. The other 4 bits are used to determine a sign extension for signal stacking. Each sample point occupies 32 bits of memory, including data value and address. The 64 kbytes of memory allows the lance to deploy for multiple measurements. The lance is capable of deploying at the seafloor until the memory in each channel is full. For a given lowering, the number of measurements is related to sample length of a received wavelet. For example, if a sample length of 2048 points is selected, the lance can record up to eight independent profiles. If the sample length is 1024 points, the lance can record 16 profiles. The data retrieval interface comprises a serial output port in the lance and a serial data receiver in the computer.
C. Source and receivers
The acoustic part of the lance consists of the source transducer, receivers, and their matching network and mounting structure. A distinct first arrival, wide frequency response, and low acceleration response are the main design aims of the acoustic system. A 2.5 in.ϫ5 in. deep water broadband cylindrical hydrophone is used as the source transducer. When the source is excited by a single pulse there are two basic modes of vibration, the radial mode and the length mode, involved in the frequency band of the lance. The length mode has a resonant frequency of about 16 kHz, and the radial mode 28 kHz. If the source is in a vertical position the received signals should have a center frequency of about 16 kHz, and in horizonal position 28 kHz. However two peaks, at about 8 and 16 kHz, appear in the power spectrum when the source transducer is in vertical ͑normal operating͒ position ͑Fig. 3͒. One possible reason for this phenomenon is the effect of coupling between the radial mode and the length mode. Fortunately, the additional peak around 8 kHz is an advantage for attenuation calculations because of the added bandwidth.
We selected Benthos AQ-1 cylindrical hydrophones as receivers. Small volume, deep water operation, proper frequency range, wide frequency band, and relatively low cost are the main requirements of lance receivers. A tuning coil is connected in parallel to every receiver to constrain the frequency response to the range 1 to 20 kHz ͑like a filter͒ and to improve the waveforms of received signals. When the motional Q factor of the hydrophone, however, is not low enough, the response curve of a tuned transducer will have two peaks ͑Stansfield, 1990͒. This is another possible reason for two peaks in the signal spectra ͑Fig. 3͒.
The aim of the lance mounting structure is to isolate and protect the receivers ͑Fig. 4͒. A pad of vulcanized rubber is inserted between a PVC holder and the wall of the corer pipe to isolate the receiver. There is a standoff made of multiple layers of rubber-aluminum isolating vibration from the corer pipe to the receiver. Two plastic rings filled with epoxy resin support the hydrophone in the holder. The acoustic impedance of the epoxy is different from the PZT ceramic, decoupling hydrophone from holder. The whole mounting structure keeps the receiver attached firmly to the corer while damping sensitivity to signals carried within the coring pipe. When the lance was tested in air before deployment there was no recognizable signal directly through the pipe. However, the relatively weak signals, which arrive before the signals propagating through sediments ͑Fig. 8͒, probably propagate along the acoustic path of source-water-pipe-sediment-receiver.
II. SIGNAL ANALYSIS AND DATA PROCESSING
Full waveforms are recorded in order to invert for velocity and attenuation. Velocity is determined from travel time, and attenuation, which is related to energy loss, is calculated in the frequency domain.
The quality factor (Q) is another parameter frequently used in the literature to designate attenuation characteristics of materials. Attenuation and Q are related by
where f is frequency and c is velocity. Attenuation measured from field data is termed effective attenuation because it in- cludes the contributions of both intrinsic and apparent attenuation. In intrinsic attenuation energy is removed from both the pulse and the coda ͑into heat͒. Apparent attenuation is the body wave decay in amplitude resulting from the scattering of energy by a heterogeneous medium. It removes energy from the initial pulse and adds that energy to the coda. Velocity results are obtained using the measured travel time difference between two receivers with known distance
where c is velocity, receiver separation is ⌬L, and ⌬t is the travel time. Calibration of the acoustic path is accomplished by firing the array in water. Precision of measurement of velocity is extremely sensitive to sampling rate of the A/D converter. The A/D converters in the lance sample at 100 kHz, a 10-s sampling interval. This rate is not quite high enough for sufficient precision when the adjacent-receiver acoustic path is 0.5 m or less. At 50-cm spacing, 10-s resolution leads to a precision in velocity of about 40-60 m/s ͑2.5%-4.0%͒. Our aim for velocity resolution of the lance is less than 1%. This problem is addressed by producing an interpolated waveform with a spectrum identical to that of the original waveform. The original waveform is transformed from the time domain to the frequency domain by Fourier transform. We extend the frequency range of the original waveform from 50-kHz Nyquist frequency to 200 kHz by adding zero values in the spectrum from 50 to 200 kHz. An interpolated waveform with 2.5-s sampling interval ͑equivalent to 400-kHz sampling rate͒ is then obtained from the new spectrum by inverse Fourier transform ͑Fig. 5͒. Although the interpolated waveform does not carry more information than the original waveform, the accuracy of the computer arrival time picking procedure has a resolution of one sample interval and this is improved from 10 to 2.5 s. The travel time between a pair of receivers is picked visually on first negative peak position ͑same peak used in water calibration͒. In general, the first negative peak is distinctive if sediments are homogenous in the interval. In some cases the first negative peak distorts due to inhomogeneous sediments or noise contamination. The first positive peak is chosen in this case.
III. RESULTS

A. General geological description of the field area
The first lance experiment was carried out on the ship R/V KNORR ͑Woods Hole Oceanographic Institute͒ in July, 1993. The experiment was located in the ONR Natural Laboratory located on the west side flank of the Mid-Atlantic Ridge ͑Tucholke et al., 1991͒. The laboratory consists of a 470-km long bathymetric valley. Within the valley are a series of sediment ponds covered with soft, reddish-brown carbonate ooze. Our two principal measurement sites are labeled A ͑station 1-station 5͒ and BЈ ͑station 6͒ in Fig. 6 . Site BЈ lies at the west end of the valley in approximately 4800 m of water, while site A, at the eastern end, is in 4300 m of water.
B. Field operation
Nine receivers were mounted on a metal heat flow probe about 5 m long. Good data were obtained from six stations in water depths between 4000 and 5500 m. A 12-kHz pinger was mounted with the instrument packages to indicate the down-going locus of lance on a depth recorder. The same magnetic trigger that turned on the recording system turned off the pinger while the instrument was in the bottom. Thus it was possible to know whether the lance was truly deployed. In the beginning of the experiment we tried to use plastic, giant gravity corer pipes to collect in situ data while recovering samples. Unfortunately, the plastic pipes tended to bend at the mudline-presumably unable to hold the weightstand upright. We had no alternative but to adapt a metal heat flow pogo probe. This metal probe penetrated the sediments, but was unable to recover samples.
Eight gravity core samples were recovered from the corridor. Good in situ lance data were obtained during stations 1-6 with the pogo probe. The lance was working in multiple-measurement mode at each station. At station 6, in a single lowering, lance penetrated the seafloor five times at one location to test local repeatability.
The lance completed profiles at five different stations in one lowering from station 1 through station 5. After taking the profile at one station, the lance was raised to a position several hundred meters above the seafloor, and KNORR towed Lance to the next station at a speed of 2 k. After five profiles at five stations, which took about 12 h, the lance was retrieved and data from all five stations were transferred to the computer. The multiple-measurement mode saved considerable deployment time. Figure 7 shows raw recorded waveforms ͑stack 1͒ from five stations ͑stations 1-5͒ while Fig. 8 shows that of a single station ͑station 6͒.
C. Sample measurements in the laboratory
Compressional wave velocity, wet-bulk density, grain density, porosity, and calcite content of samples taken every 10 cm were measured in the laboratory. The compressional wave velocity of the samples was determined by the travel time of sound waves in subsamples about 2ϫ2ϫ2 cm. The frequency of measurement was about 300 kHz. Estimated error of the measurement is smaller than Ϯ10 m/s, calibrated by measuring 3 PVC standards. Wet-bulk density, grain density, and porosity were determined by weight/volume relationships based on Hamilton's volume-of-seawater method ͑Hamilton, 1971; Boyce, 1976͒.
D. In situ velocity profiles
In situ velocity data with depth from six stations are listed in Table I and Table II. Table I lists the five measurements at station 6. It is obvious that the gravity corer did not penetrate the seafloor during the second and third measurements at station 6. The velocity remains constant at a value of 1530 m/s ͑which is the velocity of the bottom water͒. Other data at station 6 are mutually consistent, indicating proper bottom penetration. In situ velocity versus depth at all stations are shown in Fig. 9 ͑station 6͒ and in Fig. 10 ͑sta-tions 1-5͒. All stations consistently reveal a thin acoustic low-velocity channel just below the sediment-water interface. We note that the lance system cannot indicate exactly its penetration depth when the core pipe does not penetrate completely into the sediment layer. We have estimated penetration depth using velocities and recorded waveforms. If the interval velocity of the first pair of receivers is about 1520 m/s, bottom water velocity is 1530 m/s, and the first sediment interval velocity is 1500 m/s, this interval would be 1 3 mud and 2 3 water. The estimated error of penetration depth is about 1 3 receiver interval, or 0.2 m. The other error of penetration depth is caused by tilt of the gravity corer ͑even in this situation the acoustic path of source to each receiver does not change͒. At present tilt errors go undetected, but are thought to be small based upon years of experience with gravity corers ͑with a tilt of 10°, the error is only 1.5%͒.
During seismic-refraction studies in the Atlantic Ocean, several investigators noted constant-frequency arrivals at long distance ͑Hersey et al., 1951; Officer, 1955; Katz and Ewing, 1956͒ . These arrivals were interpreted as refraction along the ocean floor within a layer of low velocity. Katz and Ewing estimated depths of 20-45 m to the bottom of the acoustic channel at the Preliminary Mohole. Hamilton ͑1970͒ reviewed his and other investigators' results and concluded that the ratio of sediment velocity to bottom water velocity is often less than 1, indicating that a small acoustic channel is likely in near surface sediments. He concluded that such an acoustic channel should be present over large areas of the seafloor in most oceans of the world, including most deep-water areas and appreciable shallow-water areas. Hamilton defined the thickness of the acoustic channel ͑H ac ͒ by 
where V w is the velocity of bottom water, V 0 is surface sediment velocity, and a is the linear velocity gradient in the sediment. Hamilton suggested that most sediment acoustic channels in the deep seafloor should be between 5 and 95 m thick with a linear velocity gradient 0.5-1.5 s
Ϫ1
. Our results from the Atlantic sediment ponds, however, indicate consistently that the velocity distribution in the upper several meters of seafloor sediments is quite complicated. In these layers, the velocity change may not be linear. Data from stations 1-5 demonstrate that velocity may decrease with depth in the uppermost 2 m of the seafloor to a minimum value, and then increase. The velocity gradients in the uppermost 2 m of the sediment pond are about Ϫ25 s Ϫ1 and turn to ϩ25 through ϩ30 s Ϫ1 in the next lower 2 m. Data from station 6 differ slightly from the results of stations 1-5. Velocity at station 6 maintains a constant value of 1500 m/s in the top 2 m of sediments, and then increases with a gradient about 25 s Ϫ1 within the lower 2.5 m.
After collecting more data Hamilton ͑1979͒ estimated the ranges of velocity gradient in marine sediments as 0.6 -1.9 s
. Ogushwitz ͑1985c͒ predicted with Biot's model that the velocity gradient in clays varies from 0.6 -1.3 s
. It is important to note that these earlier workers were not concerned with resolving velocity structure within the uppermost seafloor since they were interested in applications involving seismic wavelengths. Their estimates, when considered over 50-100 mbsf ͑meters below the seafloor͒ are still valid. Our results show that their predictions are not valid for the upper several meters of seafloor in sediment ponds. The thickness of our measured acoustic channels is about 3.5-5 m.
E. Laboratory velocity data
A 2.2-m-long core was recovered from a location very close to station 6. Velocity measured in the laboratory is compared to in situ results in Fig. 11 . Velocity corrections to in situ conditions are small because the pore water velocity at 23°C and 1 atmosphere pressure ͑1528 m/s͒ is nearly the same as the in situ seawater velocity ͑1530 m/s͒. According to Hamilton ͑1971͒, the correction is only 1 m/s. The measurements seem to match well in the uppermost 2 m ͑Fig. 11͒. There are no core data available for comparison beneath 2 m.
Three cores were recovered from locations across the sediment pond at site A, adjacent to stations 1-5. The ultrasonic velocity distributions of the three cores show different tendencies ͑Fig. 12͒. Core 1 ͑2.8 m in length͒ shows velocity increasing linearly with depth with a gradient of about ϩ15 s
Ϫ1
. Core 2 ͑1.8 m in length͒ and core 3 ͑1.4 m in length͒ give a roughly constant ultrasonic velocity of 1520 m/s. It is expected that the sediments covering the sediment pond are homogeneous in a limited area and lance measurements ͑Fig. 10͒ indicate that the five stations ͑station 1-station 5͒ have quite similar in situ velocity distributions. Ultrasonic velocity distributions of the three cores, however, are not only inconsistent with the in situ measurements but are also inconsistent with each other. We suspect that coring disturbance is responsible, although none was readily apparent when the cores were opened.
F. In situ Q
Differences in receiver response functions produce large errors in the computation of Q. Unfortunately, no receiver calibration data were obtained during the cruise due to operational difficulties. Essentially, we found postcruise that calibrations done in water near the sea surface were not valid for deep data. Hydrostatic pressure effects on the sensitivity of receivers were substantial and unforeseen. Accordingly, a rather simple procedure was used to roughly estimate a range for Q. A signal received at the top receiver was used as a reference signal and a set of synthetic signals with different Q's was computed according to the formula
where L 1 is the distance between the source transducer and the top receiver, L 2 is the distance between the source transducer and the bottom receiver, and x is the interval between two receivers ͑Fig. 13͒. Here, (L 1 /L 2 ) is the geometric spreading factor. We refer to S s ͑͒ as the synthetically propagated signal, or simply synthetic signal; S 0 ͑͒ is the reference signal, and c 0 is the reciprocal of the real part of 1/c, where c is complex velocity. The term exp(ix/c 0 ) represents the time delay and exp[Ϫ(x)/(c 0 Q)] represents the attenuation of the synthetic signal. After comparing synthetic signals with the signal received from the bottom receiver ͑a travel path of 2 m͒, we estimate Q as greater than 100 and probably more than 120 at station 6.
IV. CONCLUSIONS
The results of the lance experiments in the sediment pond along the flanks of the Mid-Atlantic Ridge have revealed some interesting things and left some unanswered questions.
͑1͒ The sedimentary layers of the upper several meters of seafloor may contain the largest gradients in physical and acoustic properties in the sediment-water system. Both the in situ data and the core data of the sediment pond have indicated the complexity of this zone.
͑2͒ The data from all six stations of the sediment pond consistently show there is a thin ͑few meters in thickness͒ acoustic channel lying just below the seafloor.
͑3͒ The core data from station #6 in site BЈ of the sediment pond agree well with the in situ data of the lance. The data from three cores recovered from the adjacent locations of stations 1-5 in site A of the sediment pond not only disagree with the in situ data of stations 1-5, but also do not agree well with each other, while the in situ velocity data display a consistent velocity distribution. Possibly the soft surface sediments were disturbed or lost during the coring and recovering processes.
͑4͒ Although our results are preliminary and subject to verification by further experiment, they suggest strongly that core data cannot reliably be used to predict in situ acoustic properties of surface sediment in areas where these sediments are very soft. In such areas in situ acoustic properties can only determined by direct in situ measurement, using devices such as the lance.
